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SUMMARY 


A series of landings hen been mode with, a large bomber-- type 
airplane equipped ■with twin vertical tails to determine the time 
history of the impact forces car the landing gear and the resulting 
response of the airplane structure, particularly that of the 
horizontal tail, to the landing loads. About 50 landings were made, 
including normal, bralasd, and prorogation lendings, bv.t complete 
time histories were obtained for only 23 landings. The quantities 
measured included the vertical and drag components of the landing - 
gear loads, landing- gear deflection, stabilizer bonding moaen'B, 
structural accelerations, and airplane velocity and attitude. The 
tests vero undertaken to investigate tho specific causes of 
stabilizer failures on early models of the airplane, end it. was 
found that the maximum stabiliser loads occurred in normal landings 
as a result of resonance with fore-and-aft landing- gear vibration. 
The data presented are adaptable to use in. the analytical solution 
of the problem of structural response during landing impacts.- 


INTRODUCTION 


The occurrence ' of structural failures an largo airplanes, which 
cannot be explained an the basis of rigid-body phenomena, has served 
to emphasize the importance of structural elasticity in producing 
critical loading conditions during landi.ng impacts. Typical of such 
failures are those of the horizontal stabilizer of early models of a 
largo b caliber- type airplane. 

In c-rder to investigate the specific cause of these failures, 
tlie Langley Memorial Aeronautical Laboratory cf the NACA conducted 
a series of landing tests with a large bomber - type airplane 
equipped with twin vertical, tails. In these tests, simultaneous 
measurements were made of the impact forces -on the lending 
gear end of the resulting response of the airplane structure, 
particularly that of the- horizontal tail. Tiie test landings 
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•were made over a fairly wide range of vertical and horizontal 
velocity and attitude angle and included normal- , braked- , and 
prerotation -landing conditions. He maximum tail response was 
foimd to occur in normal landings as a result of resonance with, 
fore-and-aft vibration of the landing gear when both main wheels 
touched simultaneously and vibrated in phase . 

Although no attempt was made during the investigation to 
correlate experimental results with, mathematically derived values, 
the measurements are suitable for use in the analytical solution of 
the problem of structural response during landing impacts in the 
mannei- proposed by Biot and Bisplinghoff (reference l). Such a 
solution requires that the time histories of the external forcing 
function (that is, the Impact loads on the landing gear) be obtained 
for various types of airplane in actual landings covering a sufficient 
number of landing conditions to constitute an adequate statistical 
sample . 


APPARATUS AND METHOD 
Airplane 


The airplane used In the tests was a large four-motored bomber- 
type airplane equipped with tricycle landing gear and twin vortical 
tails mounted on the outboard ends of the stabilizer. The character- 
istics of the airplane are given in table I, and the natural 
frequencies of vibration are given in table II. The airplane was 
equipped with a 25 g stabilizer, that is, one designed for an ultimate 
static load of 2p times the weight of the tail assembly. A number 
of stabilizer failures, apparently caused by loads imposed as a 
result of landing impacts, had been reported for earlier models of 
the airplane that were equipped with 15 g stabilizers. 


Tests 

The tests consisted of a series of about 5Q landings , all made 
on the concrete runway 3 of Langley Field, Va., during which records 
were taken of the impact forces on the landing gear and of the 
resulting structural response. Normal, braked, and prerotation 
landings were included in the investigation. The landings were 
intended to cover as wide a. range of velocity, attitude, and severity 
as practicable. The landings, however, were probably not so severe, 
at least on the average , as might be encountered under training or 
combat conditions and mo3t could be classed as average landings by an 
experienced pilot. All the landings were made by one NACA tost pilot. 
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Conditions at Contact 


About a year and a half prior to the teste, the runways were 
coated with a camouflage material consisting of sawdust spread on 
an asphalt hinder. At the tine that the tests were "begun, about 
one -third to cue-half the surface of the runways was still covered 
with the camouflage coating in patches of varying size, shape, and 
thickness. This coating plus tire streake, frost ( encountered during 
seme of the landings) , and other foi-eign material contributed to the 
possibility that the coefficients of friction encountered would be 
lower on the coated concrete than an the bare dry concrete . 

The vertical velocity and attitude of the airplane at contact 
wore determined by means of two NACA ro cording photo theodolites . 
Ground spec-d was determined from the rotational velocity attained 
by the main wheels Just after the impact recorded by two 35 milli- 
motez’ motion -picture cameras operating at speeds of about 60 frames 
per second. The values of ground speed thus obtained were checked 
against value e computed from readings of the airspeed indicator 
(which had been calibrated against truo airspeed) and the surface 
wind velocity. 


iloasurcment of Lending Gear and Stabilizer Loads 


Tho vortical and the drag components of the impact force on the 
landing gear voro measured by wire stra in gages attached to tho 
straight part of tho landing- gear strut below tho oleo cylinder. 

The strain gages, connected to form a conventional Wheatstone bridge, 
were supplied from a 20CO- cycle oscillator. The bridge output was 
amplified and z’ecorded cn a Miller oscillograph, model E, the elements 
of which had a natural frequency of about 60 cycles per Becond. No 
side component of load was measured during the tests . 

The inertia drag load an the main gear was also confuted from 
the angular acceleration of the main landing wheels as determined from 
motion pictures of the wheels taken by the two 35-flrf 111 mote r cameras. 
In order to facilitate these computations, an average value of tire 
deflection was assumed to exist throughout each landing. This 
assumption, of course, introduced an error in drag- load computations 
amounting to as much as 6 or 7 percent for the maximum, values of the 
hardest landings, which was of about the same order as the error in 
the strain- gage readings . 
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Accelerations in the airplane were measured by standard 
ItACA air-damped accel.eromoters installed near the center of gravity 
of the airplane , at the center of the fuselage near the rear spar of 
the stabilizer , and at the outboard, end of the rear spar of the left 
stabilizer. The natural frequency of all the accelerometers was 
about 20 cycleB per second. The locations of- these accelerometers 
are indicated in figure 1. 

The stabilizer loads wore measured by means of wire strain 
gages located near the top and bottom of the front and rear spars 
of the stabilizer, one set being located near the root of the spars 
and another near the outboard end. These loads were computed as 
bending moments. 


Brake Pre loading 


For some landings a predetermined amount of braking force was 
e.pplied to the main wheels prior to contact by means of a device 
that permitted an adjustable pressure to be put on the hydraulic 
brake lines. A release lever was incorporated into the device to 
make possible instantaneous release of the brakes at any time and it 
wan the practice of the pilot to release them immediately after the 
impact. Two pressure gages were connected into the hydraulic brake 
lines end gave readings of the brake pressures on both wheels . The 
maximum brake -pro loading pressure used during the tests was about 
25 pounds per square inch. This value was. chosen as an upper limit 
because observations of the pressure gages during the decelerating 
runs after the impact was over showed that about 20 pounds per square 
inch was tho maximum, braking pressure used in slowing the airplane . 


Pre rotation 


Special fittingB with anemometer - cup - type wind vanes were 
attached to the main wheels in an effort to produce prerotation; 
however, they functioned erratically and were discarded. Prero- 
tation was then achieved by touching the wheels to the runway to 
bring them up to speed, lifting the airplane off the runway by 
speeding up the engines, and again making contact while the wheels 
were revolving at high speed. The amount of prerotation obtained 
by this method was , of course , not controllable . 
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PRECISION OF DAI A. 

The me asur emen te of the following quantities axe estimated to 
he correct within the limits shown; 

Gross weight of airplane at contact, pounds ±100 

Ground speed at contact, miles per hour ±3 

Vertical velocity at contact, foot per second ±1.0 

Attitude angle at contact, degree • ±0.7 

Main- landing- gear vertical loads, frcm. 

strain gages, pciunds ±2000 

Main- landing- gear drag loads, from 

strain gages, pounds .................. ±1000 

Nose-gear vertical loads, from, strain 

gages , pounds ±1500 

Nose-gear drag loads, from strain gages, pounds ±1000 

Main- landing- gear drag loads , computed from. 

wheel-acceleration data, pounds . ±1000 

Tail tending moments from strain gages, percent ±5 

Str.it deflection, from camera records, inch ±0.1 

Normal component of acceleration from 
accelerometer records, g 

Center of gravity ±0.2 

Center of horizontal tail ±0-3 

Loft tail tip ±0.3 

Time interval, second ±0.01 

PRESENTATION AND DISCUSSION OF DATA 

The test results are presented in tables in to VI and in 
figures 2 to 51. Certain of these figures show curves that represent 
the probability that given values of the variables selected for treat- 
ment will be equaled or exceeded. Probability may be interpreted 
herein as the ratio of the number of events that satisfy a given 
condition to the total number of events . The curves in all cases are 
Pearson type HI probability curves (reference 2). 

Tabulation of Landings 

Table III summarizes the conditions at contact for the various 
landings. Table IV lists the landings in approximately decreasing 
order of severity in the three general types of landing (nonnal. 
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braked, end prerotation) and presents maT-tTWTin values of accelerations 
and of total landing-gear loads . 


Velocity at Contact' 


The ground speeds at the time of contact are listed in tables III 
and IV. The ground speed covered the range from 80 to 128 miles p 3 r 
hour with an average value of $5 miles per hour. The vertical 
velocity at the time of impact (table IV) ranged from about 1 foot per 
second to about 7 feot per second, and in approximately 50 percent of 
the landings the vertical velocity was 2 feet per second or loss. 

This result is in agreement with results of previous testa cn large 
airplanes ( reference 3 ) • 

Figure 2 is a curve of probability of vertical velocity at 
contact. This curve is based on the data from the normal and the 
braked landings; the prorotation landings vero on the whole rather 
gentle because of the technique employed in making them and, hence, 
are not considered representative landings from the standpoint of 
vertical velocity. An inspection of the curve shows that, cn the 
average , for this airplane about 1 . 3 landings out of 100 may be 
expected to equal or exceed the, maximum vortical velocity recorded 
during the tests ( 6.9 fps) and about 1 out of 200 would equal or 
exceed 8 feet per second. 


Landing-Gear Loads 


Complete time histories of the impact parameters were obtained 
in 23 of the landings. In some additional landings, time histories 
were obtained for only one of tho main-landing-gear units. Time 
histories of the landing-gear loads are presented for convenience 
at tho end of the paper. (Data are presented for the normal landings 
in figs. 20 to 3*5, for the braked landings in figs. 37 to 44, and for 
the prerotation landings in figs. 45 to 51 . ) Tho maximum vertical 
load measured on one landing gear (40,900 lb) was about 4l percent 
of the design ultimate load wheroas the maximum drag load measured 
( 18,500 lb) was 73 percent of tho design ultima. to load. 

Figure 3 presents probability curves of maximum values of the 
vertical load on the two main wheels for the normal and the braked 
landings . The probability of experiencing a given value of vertical 
load was appreciably greater for tho left wheel than for the right 
wheel in both the normal and the braked landings. The vortical loads 
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measured during braked landings -bended bo "be higher than those 
measured during normal landings , although a scarcity of data on 
the braked landings made the significance of this phenomenon 
uncertain . - 

Figure 4 presents probability curves for ma rt m u m drag loads 
on the main wheels for normal and braked landings. No significant 
difference was noted between the probabilities for the two wheels , 
nor between the probabilities for normal and braked landings. 

fable V lists the time intervals between contact of the two 
main landing wheels and notes which wheel contacted first. A curve 
of probability of time between contact of the two wheels is pre- 
sented in figure 5- He probability that the time between contact 
will fall within a given interval may be determined by the difference 
between the probabilities for the time values involved. Thus , the 
probability that a landin g would be made in the interval between 0. Inl- 
and 0.16 second after contact is 0.425 minus 0 - 3 60 , which gives a 
value of O. 065 . 

The time to reach the maximum value of the vertical loads cn 
each main wheel (fig. 6 ) varied from 0.09 second to 0.33 second 
for all landings, the average being about 0.17 second. It was not 
evident that any relaticnsnip existed between the magnitude of the 
maximum vertical load and the time to reach the maximum values of 
the vertical load. 

Figure 7 presents the time for each main wheel to reach maximum 
drag load plotted ©.gainst the magnitude of the drag load for normal 
landings. The average time from contact to maximum load was about 
0.17 second. Despite considerable scatter, there was same indication 
that the time elapsed from contact to the maximum values of the drag 
load was less for the larger values of the drag load. 

Table VI lists maximum values of main-wheel drag loads as 
computed from strain-gage .reading and from wheel-acceleration data. 
Figures 8 to lD_ccmpare time histories of main- l an di n g-gear drag 
loads computed by the two methods . 

A study of the time histories of the landing-gear loads dis- 
closed no clear-cut relation between the order of development of the 
vertical load and the order of development of the drag load. His 
result is ascribable in part, at least, to random variation of the 
coefficient of friction during the impact. 
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Effect of Braking on Landing-Gear Loads 


Hie tendency of braked landings to produce higher vertical, 
loads than are produced by normal landings has already been pointed 
out. Another effect was to reduce the ratio of maximum drag load 
to maximum vertical load, as compared with the ratios for normal 
TarWHngn (fig. ll) . Dais effect would be expected since braking 
tends to delay the wheel "spin- up" time past the point at which the 
vertical load is a maximum, and the coefficient of friction is 
usually less when the tire is sliding than when wheel slippage is 
small. 


Effect of Prerotation on Landing-Gear Loads 


The data, from the prerotation landings were not subjected to a 
statistical analysis since the piloting technique involved was felt 
to be such as to prohibit direct comparison with the normal and the 
braked landings . F ur th ormore , the degree of prerotaticn was not the 
same for all landings. Certain qualitative results can, however, be • 
discerned . As would be expected, prerotation had a marked effect In 
reducing the wheel drag load . The average ratio of maximum drag 
load to maximum vertical load for all prerotaticn landings was 0.11, 
compared with O.kl for normal landings and O .36 for braked landings. 
All these values are the average of those for the two main wheels . 


Structural Response to Inpact Loads 


Figure 12 shows the tail-assembly weight distribution aver the 
semispan of the stabilizer, computed from data furnished by the 
manufacturer, and the computed design yield and the design ultimate 
bending 1 moments over the semispan. The measured stabilizer bonding 
moments were converted into percentages of design yield bonding 
moment and 'the maximum 'values for oach landing are listed in table IV. 


The nw.-.-lTmim bond Ing Tnomon t mnarn Trod' during -the tests (50 porcont 
of tho design yield value) occurred during a normal landing, (landing 
10) in which the two main wheels contacted simultaneously and vibrated 
in phase in a . fore-and-aft direction ■.irmodiatoly following wheol 
spin-up (fig. 13). Tho frequency of tho landing- gear oscillations was 
about tho same as that of the stabilizer in syrsaotrical bonding as may 
be soon .by ■ corparlng tha data -of figure 14- and table II . Two other 
landings of about equal severity (figs. 14 and Ip) , in which tho 
landing-gear vibrations wero out of phase , did not produco such high 
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bending moments; moreover, the pattern of the curve of bending 
moments of the two landings did not show tire resonance effect that 
was present in landing 10. Cn the other hand, another landing of 
much les3 severity (landing 8 in fig. 16), in which the landing-gear 
vibrations were in pnase, showed the same resonant tendencies as 
landing 10 and large stabilizer bending moments. 

Figure 17 is a plot of probability of occurrence of values 
of stabilizer bending moments in normal landings. The curve shows 
that about one landing in 1O0 would develop the maximum stabilizer 
load measured during the tests (5>0 percent of the design yield 
bending moment). It might be pointed out that $0 percent of the 
design yield bending moment for the 25>g stabilizer would be about 
83 percent of the design yield bending moment for the l5g stabilizer, 
with which early models of the airplane were equipped and on which 
several stabilizer failures were experienced xn service. 

Further inspection of table IV indicates that high tail -tip 
accelerations are not necessarily associated with, high stabilizer 
loads. Braked landings, in general, seemed to produce somewhat 
smaller tail loads than did normal landings. The effect of prero- 
tation on tail loads was obscured by lack of data; nowever, pro ro- 
ta ■.ion did reduce landing-gear oscillations to a narked degree, as 
can be seen from the time histories of the landing-gear deflections 
for a prerotation and a normal landing in which the values of the 
impact parameters were about equal (fig3. 18 and 19). If, as indi- 
cated previously, the stabilizer loads wore increased by a coupling 
effect with the fore-and-aft landing-gear vibrations, prerotation 
should reduce tail loads. 


Analysis of Separate Effects of Impact Parameters 


An attempt was made to isolate the effects of some of the 
parameters that constitute the over-all forcing function. The 
results were in the main negative; that is, determining specific 
relationships was difficult. For example, no apparent relationship 
was noted between the ratio of maximum vertical loads on the left 
and right wheels and the time interval between, contacts; further- 
more, there seemed to be about as much likelihood that the higher 
vertical and drag loads would occur on the second wheel to contact 
as on the first. No relationship was apparent between the ratio of 
the maximum vertical loads on the two main wheels and the ratio of 
the maximum drag loads on tne two main wheels. In most of the 
landings the left wheel contacted first. This result is attributed 
in part, at least, to an admitted tendency of the pilot to land with 
the left v/ing low for better visibility. 
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SUMMARY OF RESULTS 


Measurements of landing-gear foroes and horizontal -tail load3 
in landing tests of a large bomber-type airplane equipped with twin 
vertical tails indicated the following results: 

1. The maximum vertical velocity measured in £0 landings was 
about 7 feet per second., and in about £0 percent of the landings 
the vertical velocity was 2 feet per second or less. Ground speeds 
at contact varied from SO to 123 miles per hour, the average being 
about 9£» miles per hour. 

2. A statistical analysis of the vertical-velocity data indi- 
cated that about 1.3 landings out of 100 could be expected to equal 
or exceed the maximum value measured during the tests and that 
about 1 out of every 200 would equal or exceed 8 feet per second. 

3. .The maximum value of vertical loud on the main landing gear 
was about 1+1 percent of the design ultijaate load, whereas the maxi- 
mum value of drag load was about 73 percent of the design ultimate- 
load. 


h. The ratio of maximum drag load to maximum vertical load 
was O.iil for normal landings , compared with 0.36 for braked landings 
and 0.11 for prorotation landings. 

5. The probability of equaling or exceeding given values of 
vertical loads on the main landing gear 7fas higher for braked than 
for normal landings, although a paucity of data, on tiie braked landings 
made the significance of this phenomenon uncertain. 

6. In most of the landings the loft wheel contacted first, 

although this characteristic might be attributed largely to piloting 
technique. ■ ' 

7. No relationship was discernible between the ratio of vertical 

loads on the left and right wheels and the time interval between 
contacts. — ' ; 

8. There appeared to be a higher probability for the left wheel 
to equal or exceed a given vdne of vertical load than the r ight wheel. 

9* No relationship appeared to exist between the order of 
development of maximum vertical load and the order of development of 
maximum drag load. 



NACA TN No. llUO 


11 


10. The largest stabilizer load measured was about £0 percent 
of the design yield bending moment for the 2£g stabilizer with which 
the airplane was equipped. This value of stabilizer load was 
measured in a normal landing in which the main wheels contacted 
s imu ltaneously and vibrated in phase in a fore-and-aft direction 
subsequent to wheel spin-up. Evidence was that this coupling effect 
between the in-phase vibrations of the main landing gear units and 
the vibrations of the stabilizer in symmetrical bending could result 
in the development of largo stabilizer bending moments. 

11. Brake preloading tended to reduce tail loads. 

12. Prerotation of the main wheels reduced drag loads and 
landing-gear vibration to a great extent although data were insuf- 
ficient to predict its effect upon stabilizer loads. 

13. A statistical analysis of the stabilizer-load data indi- 
cated that in about one landing out of 10G, values of stabilizer 
bending load equal to the mead-mum measured during the tests could 
be expected. 

lU. Large values of stabilizer tip acceleration were not 
necessarily associated with large values of stabilizer bending 
moment. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va., June 2?, 19b6 
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TABIE I 

AIRPLANE CHARACTERISTICS 

Gross weight at landing, lb 48,900 to 50,100 

Wing span, ft 110 

Wing area, sq ft 1048 

Horizontal tail area, total, sq ft 192.0 

Stabilizer area, sq ft 140.5 

Weight of tail assembly, lb 869.6 

Normal rated horsepower 4400 

Center -of- gravity position, an flown, 

percent M.A.C 27-9 to 28.2 

Height of center of gravity above ground, 

static position of airplane, ft 8.2 

Approximate moment of inertia in pitch, 

as flown, slug-f t^ 150 ,000 

Moment of inertia of main wheel, 

slug-ft 2 33.5 

Wheel tread, ft 25.62 

Wheel base, ft 16.00 

Wing Incidence , deg 3*0 


NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 
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TABIE II 

HAffURAL. VIBRATION FREQUENCIES OP AIRPLANE 


[Prcta vibration tests conducted by the Air Materiel Ccusnand, Amy Air Forces] 


Port 

Type of Titration. 

Frequency 

(cpm) 

Location of Tibrator 

Remark e 

Wing 

(approx. 

UOO gal gas 
In on oh wing) 

Symaetrioal bending 

215 

Outboard and of aileron ■ 

Nodal line Just outboard 
of inboard engine; 
large fuselage 
rertical motion 


Symmetrical Inner- 
panel torsion 
ocn£blnod with 
symmetrical 
bonding 

315 

Outboard and of aileron 

Hodal lino runs diago- 
nally from Just out- 
board of outboard 
engine at leading edge 
to wing root at 
trailing edge; outboard 
engine pitching 
considerably 

i 

t 

Inner-panel torsion 

520 

515 

Between cylinders J 
and 9 on engine 2 

Floor of fuselage Just 
forward Of tall 
turret 

Small response outboard 
engines; larger 
response Inboard 
engines; ajqilltudo too 
small to check phase ; 
rear of fuselage 
moving vertically 


Higher- order bending 

590 

990 

1360 

Outboard end of aileron 
Outboard and of ailercn 
Outboard and of ailercn 

Phase eymnetrical by 
pickups 

Phase unsyiimetriaal by 
pickups 

Phase symmetrical by 
pickups 

Fuselage 

Side bending 

31*0 

520 

Inspection door on 
bottctn. of fuselage, 

2 feet forward of 
tail light; lateral 
impulses 

Thrustwiee impulses at 
bottom rudder binge 

Very small amplitude 

Large amplitude mode; 
node at waist gun 
cut-out 


Vertical 'bonding 

980 

Floor of fuselage Just 
forward of tail 
turret 

Amplitude too small to 
determine node line 

Stabill zor 

Symmetrical bending 
combined with wing 
symmetrical 
healings pitching 
of airplane also 
excited . 

1)00 

Vertical impulses at 
seocsid rudder hinge 
from bottcm 

1 

! 

Stabilizer nodes i*^- fest 

from center line 
of airplane 

Wing tip and stabilizer 
tip In phase 


Torsion 

640 

Thrustwiee impulses 
at bottcn. rudder - 
hinge 

Phase symmetrical by 
pickups; nodal line 
near rear spar 


HATIORAL ADVXSGBT 
COMMITTEE FOR AERONAUTICS 






















pre loading 
tli/eg In., 



1 Formal 

2 Formal 

3 Formal 
k Formal 

5 Formal 

6 Formal 

7 Formal 

8 Formal 

9 Formal 
ID Formal 

11 Braked 

12 Formal 

13 Formal 
IX Braked 

15 Braked 

1 6 Formal 

17 Formal 

18 Braked 

19 Formal 

20 Formal 

21 Braked 

22 Braked 

23 . Formal 
2 k- Formal 

25 Braked 

26 Braked 
27 j_ Formal 

272 Pr ©rotation 

281 Formal 
aSg Prerotatlon 

29 1 Formal 

29 2 Prerotatlon 
3 Ql Formal 

302 Prerotatlon. 
31 Braked 
32 ^ Formal 
322 Prerotatlon 
33 ^ Formal 
33 g Prerotatlon 

34 Braked 

35 Braked 
3 6^ Formal 

3^2 Prerotatlon 
37 ]_ Formal 

372 Prerotatlon 
3 6 a^ Formal 
36*2 Prerotatlon 
37 o.i Formal 
37»2 Prerotatlon 
38^ Formal 
38 g Prerotatlon 
39 ^ Formal 
39 2 Prerotatlon 

40 Formal 

4 1 Formal 
h 2 Formal 
k -3 Formal 
kh Braked 


a Subscripts 1 and 2 Indicate first and eeoond contacts, respectively; 

affix a on landings 36 and 37 indicates re-run. 

T> Angle "between longitudinal axis of airplane and tire horl rental, positive 
In noee-up direction. 
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16. 


IABIE V 

TIMS HflEAVAXS HETOEER CORTACT OF IEFT AND 
RIGHT MAIN IANDIRG WHEEIS 


TtmA-frig 

First wheel 
to contact 

1 

wtastm i 

T ^ r\ g 

First wheel 
to contact 

Tims between 
contacts 
(sec) 

(a) 

(a) 

1 

Right 

0.09 

28i 

Right 

0.04 

2 

Left 

.12 

28 £ 

Left 

.15 

3 

Left 

.16 

29l 

Right 

.21 

4 

Left 

.02 

29 2 

Left 

.12 

5 

Left 

.42 

30! 

— 

— 

6 

Right 

.15 

30 2 

Left 

.11 

7 

Left 

.10 

31 

Right 

.14 

8 

Left and right 

0 

32 x 

Left 

.12 

9 

— 

— 

32s 

Left 

•07 

bin 

Left and right 

0 

33i 

Left 

.20 




33 2 

left 

•15 

n 

Left 

.04 

34 

Right 

.12 

12 

Right 

.08 

35 

Left 

.20 

13 

Left 

,17 

368 ^ 

Left 

• 34 

14 

Left 

•07 

36 ag 

Left 

-17 

15 

Left 

.24 

37a3_ 

Left 

• 33 

16 

Left 

.20 

37«4> 

Left 

.19 

17 

Left 

• 33 

3Sl 

Right 

.02 

18 

Left 

.09 

302 

Left 

.26 

19 

Right 

• 03 

39 X 

— 

— 

20 

Left 

.04 

39 2 

Left 

.29 

21 

Right 

.14 

40 

Right 

.17 

22 

Left 

.22 

4l 

— 

— 

23 

Right 

.14 

c 42 

Left 

.10 

25 

Right 

• 07 

43 

Right 

.01 

26 

Left 

.46 

44 

Rl{£it 

.10 

STTl 

— 

— 




272 

Left 

• 05 





a Subscripts 1 and 2 indicate first and second contacts, respectively; 

affix a on landings 36 and 37 indicates re-run. 
b Rose "wheel contacted 0.09 second before left and right wheels. 
c Rose wheel contacted 0.13 second before left wheel. 
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TABU 71 


JOXMM TAKES 07 m ISM} LOAJEB TOTH 8TBACT- 
GM2 EBUHB® AID WHEIIriBGtIUB-ACCKIEtAIICB DATA 



Hartwim whae 

Qk 

. drag load. 

lUQH 

Left 

Wheel 

■MK3*tX57rS!MMH 


Strain- 

Wheel- 

Strain- 

Wheal- 

■H 

gage 

acceleration 

gage 

acceleration 


reading 

data 

reading 

data 



7,ito 


6, too 


6,500 

8,500 

10,200 

7,700 

6,3*0 
8, too 


6,850 

8,970 


7,570 


9,820 

9,000 


3,400 


6,705 

8,000 


11,300 


6,650 

7,260 

— 

5,870 

8 

7A50 

7,100 

7,020 

7,H» 

9 


3,300 

5, too 

5,500 

10 

12,700 

12,900 

12,500 

12,700 

11 


9,800 

9,850 

10,700 

12 

7,720 

6,850 

8,300 

6,500 

13 

7,310 

8,900 

6,8ix> 

5,350 

14 

11,200 

10,500 


14,200 

15 

7,150 . 

8,100 

8, too 

6,550 

16 

9,120 

9,U» 

5,410 

7,400 

17 


3,7W 


4,100 

18 

4,750 

4,700 


8,6oO 

19 

11,750 

11,60a 


12,100 

20 

6,350 

6,950 

3,900 

10,350 

21 

.5,970 


10,600 

10,000 

22 

”4,600 

1,609 

54,300 

4,910 

23 

1,110 

1,000 

”9,850 

8,200 

24 

”5,670 

7,200 

to ,520 

4,550 

25 

7,030 

8,200 

10,870 

9,500 

86. 

«1 

to,m 

6,300 

2,700: 

w 

8,500 

07. 

3 .ton 

1.390 

1.000 


^1 

h&o 

6,600 

”6,765 

6,4oo 

e6a 

500 


TOO 



Looting 


JaL 



Manana wheel drag load 

tal 


left 

wheel 

High 

t wheel 

Strain- 

Wheel- 

Strain- 

Wheal- 

' gage 

acceleration 

fiBAO 

aooeleratlco. 

reeding 

data 

reeding 

data 

— 


”9,290 

U,0QO 

2,100 

5,900 

600 

900 

500 


2,400 


4,770 

5A10 

5,140 

5,000 

*6,230 

— 

6,910 

7,670 

1,700 

1,850 

4,800 

3,950 

5,700 


8,4oo 

9,900 

900 


1,400 

1,320 

5,770 


13,680 

15,100 

6,005 

6,160 

6,980 

7,020 

800 

— 

1,600 




1,300 


”8,115 

8,500 


5,500 

4,300 

4,500 

2,800 

a, 800 

4, too 

3,900 

”5,810 

4,700 

100 

IOO 

1,300 

1,250 

6,490 

6,800 

8,850 

9,100 

1,100 

1,080 

1,600 

1,550 




4,750 

— 

200 


800 

930 

6,910 

6,800 

”3,450 

6,000 

9,550 

9,700 

■>6,620 

6,500 

18,500 

18, 400 

10,^60. 

14,200 


11,300 

8^00 

8,800 

10,000 

13,100 

14,150 

i5,ooo 


»i 

29 a 

3°a 

31 

»I 

3*2 

33i 

33a 

34 

35 
*1 
3*2 
*1 
37a 
3^»i 

3*2 

37»i 

37*2 

3gi 

38a 

% 

ga 

to 

41 

to 

to 

1(4 


*■ Bhbecripts 1 and. 2 indioate flret and eeccnd con tan ta, roBpeotiTalj; 

affix a on lending* 36 and 37 lndietteo re-run. 

1 Bboarreotad far effeot af rertleal load. 
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Figure / . - Location of accelerometers in the airplane . 
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Vert /cal velocity , ft /sec national advisory 
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figure — Probability of equal/rig or exceeding given values 

of vertical velocity , Prerotation landings not~ included • 
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24 - 


40 


56 ) 1/0 


Maximum landing - gear irer/ical load , /b 


Figure 3 .-Probability of egua/mg or exceeding maxima m Ya/ues 

of vertical load on main landing gear . normal and 
traked landings. ' national advisory 

COMMITTEE FOB AERONAUTICS 
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Figure 4.- Probability of 
of drag load on 
braked landings , 


equa/mg or exceeding maximum ua/aes 
mam landing gear. Normal and 
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Time between contacts of mam landing gear^ sec 

Figure 5 .-Probability of equaling or exceeding 
time between contacts of mam landing gear 








Maximum mam-fand/ng-gear vertical load , lb 


Pig. 6. 
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O J .s . .d 


Time from contact- to maximum 
landing -gear verf/ca/ /o ad, sec 

Figure 6 . — Magnitude of mam— landing- gear 
vertical load aga/nst t/me to reach max- 
imum values . 



Maximum mam -landing- gear drag load , lb 
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Pig. 7 



O J .2 .3 A s 

Time from contact to maximum landing -gear drag toad, sec 

F/gure 7 --Magnitude of mam -landing —gear drag 
toad agat/nsf time to reach maximum va/ue . 
Norma / landings . 



Land mg -gear drag load } lb 


Fig. 8 
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Time aT/er confoci', oec 


Figure 8 -- dommxitr/jon of f /me h/e tones cf 
drag Inc/c/ on mam /arnd/ng gear from 
sfra/n- gage readings and from wheel- 
c/c^e/eraf/on dafa during a norma/ 

* landing. . Landing 8- 










Land mg- gear drag foad , lb 


Fig. 10 
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T/me a fie/- contact , see 

F/gure IO . — Comparison of time histories of drag 
toad on mam landing gear from strain - 
gage readings and from wheel- acceleration 
data during a norma! landing . : Cand/ng 16 , 
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Pig. 11 



Ratio of maximum drag load per wheel to maximum 
vertical load p>er wheel 

Figure // . — Probability of equaling or exceeding given 
values of ratio of maximum drag toad per wheel fo 
maximum vertical load per wheel . 
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vertical tail 


fa) Weight distribution of components 
of tail assembly . 



0 4 - 6 12 16 

P/sfance from center line of stabi/fzer , ft 

(b) Stabilizer bend mg moments \ 

Figure 12 Stabilizer loading and bend mg 

moments. 



- Horizonial Increment of vertical acceleration ,g 

deflection of Center Center 

mam landing of of Tail tip 
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Pig. 13 




Time after contact, sec 
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Figure / 3 .-lime h/sfory of structural accelerations , 
stabilizer bending moment , and landing -gear 
deflection during a norma / landing . Landing 10 . 
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Time after contact, sec 


Figure. 14 .-Tim e history of structural accelerations, 
stabilizer bending moment, and landing - gear 
deflect /oh " during a normal landing.. Landing 19. 


bending moment 





Horizontal Increment of vertical acceleration , g 

deflection of Center Center 

mam landing of of Tad tip 

gear, i n. gravity tad t ( 
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Fig. 15 



Time after contocfsec 

Figure 15.- Tune history of structural accelerations, 
stabilizer bending moment, and fand/ng -gear 
def/ection c/unng a norm o/ /ondmg. Landing 42 . 


enrage or design a 
bending momenf 
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MSASUHEMSKTS OF IAirCOiG-CEAS FORCES 


AND EORIZCmAL-TAIL LOADS IN LANDING- TESTS 


OF A LARGE BOMBER -TYFE AIRPLANE 


By John 3 . WeBtfall 


SUMMARY 


A series of landings hen been mode with, a large bomber-- type 
airplane equipped ■with twin vertical tails to determine the time 
history of the impact forces car the landing gear and the resulting 
response of the airplane structure, particularly that of the 
horizontal tail, to the landing loads. About 50 landings were made, 
including normal, bralasd, and prorogation lendings, bv.t complete 
time histories were obtained for only 23 landings. The quantities 
measured included the vertical and drag components of the landing - 
gear loads, landing- gear deflection, stabilizer bonding moaen'B, 
structural accelerations, and airplane velocity and attitude. The 
tests vero undertaken to investigate tho specific causes of 
stabilizer failures on early models of the airplane, end it. was 
found that the maximum stabiliser loads occurred in normal landings 
as a result of resonance with fore-and-aft landing- gear vibration. 
The data presented are adaptable to use in. the analytical solution 
of the problem of structural response during landing impacts.- 


INTRODUCTION 


The occurrence ' of structural failures an largo airplanes, which 
cannot be explained an the basis of rigid-body phenomena, has served 
to emphasize the importance of structural elasticity in producing 
critical loading conditions during landi.ng impacts. Typical of such 
failures are those of the horizontal stabilizer of early models of a 
largo b caliber- type airplane. 

In c-rder to investigate the specific cause of these failures, 
tlie Langley Memorial Aeronautical Laboratory cf the NACA conducted 
a series of landing tests with a large bomber - type airplane 
equipped with twin vertical, tails. In these tests, simultaneous 
measurements were made of the impact forces -on the lending 
gear end of the resulting response of the airplane structure, 
particularly that of the- horizontal tail. Tiie test landings 
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•were made over a fairly wide range of vertical and horizontal 
velocity and attitude angle and included normal- , braked- , and 
prerotation -landing conditions. He maximum tail response was 
foimd to occur in normal landings as a result of resonance with, 
fore-and-aft vibration of the landing gear when both main wheels 
touched simultaneously and vibrated in phase . 

Although no attempt was made during the investigation to 
correlate experimental results with, mathematically derived values, 
the measurements are suitable for use in the analytical solution of 
the problem of structural response during landing impacts in the 
mannei- proposed by Biot and Bisplinghoff (reference l). Such a 
solution requires that the time histories of the external forcing 
function (that is, the Impact loads on the landing gear) be obtained 
for various types of airplane in actual landings covering a sufficient 
number of landing conditions to constitute an adequate statistical 
sample . 


APPARATUS AND METHOD 
Airplane 


The airplane used In the tests was a large four-motored bomber- 
type airplane equipped with tricycle landing gear and twin vortical 
tails mounted on the outboard ends of the stabilizer. The character- 
istics of the airplane are given in table I, and the natural 
frequencies of vibration are given in table II. The airplane was 
equipped with a 25 g stabilizer, that is, one designed for an ultimate 
static load of 2p times the weight of the tail assembly. A number 
of stabilizer failures, apparently caused by loads imposed as a 
result of landing impacts, had been reported for earlier models of 
the airplane that were equipped with 15 g stabilizers. 


Tests 

The tests consisted of a series of about 5Q landings , all made 
on the concrete runway 3 of Langley Field, Va., during which records 
were taken of the impact forces on the landing gear and of the 
resulting structural response. Normal, braked, and prerotation 
landings were included in the investigation. The landings were 
intended to cover as wide a. range of velocity, attitude, and severity 
as practicable. The landings, however, were probably not so severe, 
at least on the average , as might be encountered under training or 
combat conditions and mo3t could be classed as average landings by an 
experienced pilot. All the landings were made by one NACA tost pilot. 
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Conditions at Contact 


About a year and a half prior to the teste, the runways were 
coated with a camouflage material consisting of sawdust spread on 
an asphalt hinder. At the tine that the tests were "begun, about 
one -third to cue-half the surface of the runways was still covered 
with the camouflage coating in patches of varying size, shape, and 
thickness. This coating plus tire streake, frost ( encountered during 
seme of the landings) , and other foi-eign material contributed to the 
possibility that the coefficients of friction encountered would be 
lower on the coated concrete than an the bare dry concrete . 

The vertical velocity and attitude of the airplane at contact 
wore determined by means of two NACA ro cording photo theodolites . 
Ground spec-d was determined from the rotational velocity attained 
by the main wheels Just after the impact recorded by two 35 milli- 
motez’ motion -picture cameras operating at speeds of about 60 frames 
per second. The values of ground speed thus obtained were checked 
against value e computed from readings of the airspeed indicator 
(which had been calibrated against truo airspeed) and the surface 
wind velocity. 


iloasurcment of Lending Gear and Stabilizer Loads 


Tho vortical and the drag components of the impact force on the 
landing gear voro measured by wire stra in gages attached to tho 
straight part of tho landing- gear strut below tho oleo cylinder. 

The strain gages, connected to form a conventional Wheatstone bridge, 
were supplied from a 20CO- cycle oscillator. The bridge output was 
amplified and z’ecorded cn a Miller oscillograph, model E, the elements 
of which had a natural frequency of about 60 cycles per Becond. No 
side component of load was measured during the tests . 

The inertia drag load an the main gear was also confuted from 
the angular acceleration of the main landing wheels as determined from 
motion pictures of the wheels taken by the two 35-flrf 111 mote r cameras. 
In order to facilitate these computations, an average value of tire 
deflection was assumed to exist throughout each landing. This 
assumption, of course, introduced an error in drag- load computations 
amounting to as much as 6 or 7 percent for the maximum, values of the 
hardest landings, which was of about the same order as the error in 
the strain- gage readings . 
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Accelerations in the airplane were measured by standard 
ItACA air-damped accel.eromoters installed near the center of gravity 
of the airplane , at the center of the fuselage near the rear spar of 
the stabilizer , and at the outboard, end of the rear spar of the left 
stabilizer. The natural frequency of all the accelerometers was 
about 20 cycleB per second. The locations of- these accelerometers 
are indicated in figure 1. 

The stabilizer loads wore measured by means of wire strain 
gages located near the top and bottom of the front and rear spars 
of the stabilizer, one set being located near the root of the spars 
and another near the outboard end. These loads were computed as 
bending moments. 


Brake Pre loading 


For some landings a predetermined amount of braking force was 
e.pplied to the main wheels prior to contact by means of a device 
that permitted an adjustable pressure to be put on the hydraulic 
brake lines. A release lever was incorporated into the device to 
make possible instantaneous release of the brakes at any time and it 
wan the practice of the pilot to release them immediately after the 
impact. Two pressure gages were connected into the hydraulic brake 
lines end gave readings of the brake pressures on both wheels . The 
maximum brake -pro loading pressure used during the tests was about 
25 pounds per square inch. This value was. chosen as an upper limit 
because observations of the pressure gages during the decelerating 
runs after the impact was over showed that about 20 pounds per square 
inch was tho maximum, braking pressure used in slowing the airplane . 


Pre rotation 


Special fittingB with anemometer - cup - type wind vanes were 
attached to the main wheels in an effort to produce prerotation; 
however, they functioned erratically and were discarded. Prero- 
tation was then achieved by touching the wheels to the runway to 
bring them up to speed, lifting the airplane off the runway by 
speeding up the engines, and again making contact while the wheels 
were revolving at high speed. The amount of prerotation obtained 
by this method was , of course , not controllable . 
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PRECISION OF DAI A. 

The me asur emen te of the following quantities axe estimated to 
he correct within the limits shown; 

Gross weight of airplane at contact, pounds ±100 

Ground speed at contact, miles per hour ±3 

Vertical velocity at contact, foot per second ±1.0 

Attitude angle at contact, degree • ±0.7 

Main- landing- gear vertical loads, frcm. 

strain gages, pciunds ±2000 

Main- landing- gear drag loads, from 

strain gages, pounds .................. ±1000 

Nose-gear vertical loads, from, strain 

gages , pounds ±1500 

Nose-gear drag loads, from strain gages, pounds ±1000 

Main- landing- gear drag loads , computed from. 

wheel-acceleration data, pounds . ±1000 

Tail tending moments from strain gages, percent ±5 

Str.it deflection, from camera records, inch ±0.1 

Normal component of acceleration from 
accelerometer records, g 

Center of gravity ±0.2 

Center of horizontal tail ±0-3 

Loft tail tip ±0.3 

Time interval, second ±0.01 

PRESENTATION AND DISCUSSION OF DATA 

The test results are presented in tables in to VI and in 
figures 2 to 51. Certain of these figures show curves that represent 
the probability that given values of the variables selected for treat- 
ment will be equaled or exceeded. Probability may be interpreted 
herein as the ratio of the number of events that satisfy a given 
condition to the total number of events . The curves in all cases are 
Pearson type HI probability curves (reference 2). 

Tabulation of Landings 

Table III summarizes the conditions at contact for the various 
landings. Table IV lists the landings in approximately decreasing 
order of severity in the three general types of landing (nonnal. 
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braked, end prerotation) and presents maT-tTWTin values of accelerations 
and of total landing-gear loads . 


Velocity at Contact' 


The ground speeds at the time of contact are listed in tables III 
and IV. The ground speed covered the range from 80 to 128 miles p 3 r 
hour with an average value of $5 miles per hour. The vertical 
velocity at the time of impact (table IV) ranged from about 1 foot per 
second to about 7 feot per second, and in approximately 50 percent of 
the landings the vertical velocity was 2 feet per second or loss. 

This result is in agreement with results of previous testa cn large 
airplanes ( reference 3 ) • 

Figure 2 is a curve of probability of vertical velocity at 
contact. This curve is based on the data from the normal and the 
braked landings; the prorotation landings vero on the whole rather 
gentle because of the technique employed in making them and, hence, 
are not considered representative landings from the standpoint of 
vertical velocity. An inspection of the curve shows that, cn the 
average , for this airplane about 1 . 3 landings out of 100 may be 
expected to equal or exceed the, maximum vortical velocity recorded 
during the tests ( 6.9 fps) and about 1 out of 200 would equal or 
exceed 8 feet per second. 


Landing-Gear Loads 


Complete time histories of the impact parameters were obtained 
in 23 of the landings. In some additional landings, time histories 
were obtained for only one of tho main-landing-gear units. Time 
histories of the landing-gear loads are presented for convenience 
at tho end of the paper. (Data are presented for the normal landings 
in figs. 20 to 3*5, for the braked landings in figs. 37 to 44, and for 
the prerotation landings in figs. 45 to 51 . ) Tho maximum vertical 
load measured on one landing gear (40,900 lb) was about 4l percent 
of the design ultimate load wheroas the maximum drag load measured 
( 18,500 lb) was 73 percent of tho design ultima. to load. 

Figure 3 presents probability curves of maximum values of the 
vertical load on the two main wheels for the normal and the braked 
landings . The probability of experiencing a given value of vertical 
load was appreciably greater for tho left wheel than for the right 
wheel in both the normal and the braked landings. The vortical loads 
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measured during braked landings -bended bo "be higher than those 
measured during normal landings , although a scarcity of data on 
the braked landings made the significance of this phenomenon 
uncertain . - 

Figure 4 presents probability curves for ma rt m u m drag loads 
on the main wheels for normal and braked landings. No significant 
difference was noted between the probabilities for the two wheels , 
nor between the probabilities for normal and braked landings. 

fable V lists the time intervals between contact of the two 
main landing wheels and notes which wheel contacted first. A curve 
of probability of time between contact of the two wheels is pre- 
sented in figure 5- He probability that the time between contact 
will fall within a given interval may be determined by the difference 
between the probabilities for the time values involved. Thus , the 
probability that a landin g would be made in the interval between 0. Inl- 
and 0.16 second after contact is 0.425 minus 0 - 3 60 , which gives a 
value of O. 065 . 

The time to reach the maximum value of the vertical loads cn 
each main wheel (fig. 6 ) varied from 0.09 second to 0.33 second 
for all landings, the average being about 0.17 second. It was not 
evident that any relaticnsnip existed between the magnitude of the 
maximum vertical load and the time to reach the maximum values of 
the vertical load. 

Figure 7 presents the time for each main wheel to reach maximum 
drag load plotted ©.gainst the magnitude of the drag load for normal 
landings. The average time from contact to maximum load was about 
0.17 second. Despite considerable scatter, there was same indication 
that the time elapsed from contact to the maximum values of the drag 
load was less for the larger values of the drag load. 

Table VI lists maximum values of main-wheel drag loads as 
computed from strain-gage .reading and from wheel-acceleration data. 
Figures 8 to lD_ccmpare time histories of main- l an di n g-gear drag 
loads computed by the two methods . 

A study of the time histories of the landing-gear loads dis- 
closed no clear-cut relation between the order of development of the 
vertical load and the order of development of the drag load. His 
result is ascribable in part, at least, to random variation of the 
coefficient of friction during the impact. 
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Effect of Braking on Landing-Gear Loads 


Hie tendency of braked landings to produce higher vertical, 
loads than are produced by normal landings has already been pointed 
out. Another effect was to reduce the ratio of maximum drag load 
to maximum vertical load, as compared with the ratios for normal 
TarWHngn (fig. ll) . Dais effect would be expected since braking 
tends to delay the wheel "spin- up" time past the point at which the 
vertical load is a maximum, and the coefficient of friction is 
usually less when the tire is sliding than when wheel slippage is 
small. 


Effect of Prerotation on Landing-Gear Loads 


The data, from the prerotation landings were not subjected to a 
statistical analysis since the piloting technique involved was felt 
to be such as to prohibit direct comparison with the normal and the 
braked landings . F ur th ormore , the degree of prerotaticn was not the 
same for all landings. Certain qualitative results can, however, be • 
discerned . As would be expected, prerotation had a marked effect In 
reducing the wheel drag load . The average ratio of maximum drag 
load to maximum vertical load for all prerotaticn landings was 0.11, 
compared with O.kl for normal landings and O .36 for braked landings. 
All these values are the average of those for the two main wheels . 


Structural Response to Inpact Loads 


Figure 12 shows the tail-assembly weight distribution aver the 
semispan of the stabilizer, computed from data furnished by the 
manufacturer, and the computed design yield and the design ultimate 
bending 1 moments over the semispan. The measured stabilizer bonding 
moments were converted into percentages of design yield bonding 
moment and 'the maximum 'values for oach landing are listed in table IV. 


The nw.-.-lTmim bond Ing Tnomon t mnarn Trod' during -the tests (50 porcont 
of tho design yield value) occurred during a normal landing, (landing 
10) in which the two main wheels contacted simultaneously and vibrated 
in phase in a . fore-and-aft direction ■.irmodiatoly following wheol 
spin-up (fig. 13). Tho frequency of tho landing- gear oscillations was 
about tho same as that of the stabilizer in syrsaotrical bonding as may 
be soon .by ■ corparlng tha data -of figure 14- and table II . Two other 
landings of about equal severity (figs. 14 and Ip) , in which tho 
landing-gear vibrations wero out of phase , did not produco such high 
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bending moments; moreover, the pattern of the curve of bending 
moments of the two landings did not show tire resonance effect that 
was present in landing 10. Cn the other hand, another landing of 
much les3 severity (landing 8 in fig. 16), in which the landing-gear 
vibrations were in pnase, showed the same resonant tendencies as 
landing 10 and large stabilizer bending moments. 

Figure 17 is a plot of probability of occurrence of values 
of stabilizer bending moments in normal landings. The curve shows 
that about one landing in 1O0 would develop the maximum stabilizer 
load measured during the tests (5>0 percent of the design yield 
bending moment). It might be pointed out that $0 percent of the 
design yield bending moment for the 25>g stabilizer would be about 
83 percent of the design yield bending moment for the l5g stabilizer, 
with which early models of the airplane were equipped and on which 
several stabilizer failures were experienced xn service. 

Further inspection of table IV indicates that high tail -tip 
accelerations are not necessarily associated with, high stabilizer 
loads. Braked landings, in general, seemed to produce somewhat 
smaller tail loads than did normal landings. The effect of prero- 
tation on tail loads was obscured by lack of data; nowever, pro ro- 
ta ■.ion did reduce landing-gear oscillations to a narked degree, as 
can be seen from the time histories of the landing-gear deflections 
for a prerotation and a normal landing in which the values of the 
impact parameters were about equal (fig3. 18 and 19). If, as indi- 
cated previously, the stabilizer loads wore increased by a coupling 
effect with the fore-and-aft landing-gear vibrations, prerotation 
should reduce tail loads. 


Analysis of Separate Effects of Impact Parameters 


An attempt was made to isolate the effects of some of the 
parameters that constitute the over-all forcing function. The 
results were in the main negative; that is, determining specific 
relationships was difficult. For example, no apparent relationship 
was noted between the ratio of maximum vertical loads on the left 
and right wheels and the time interval between, contacts; further- 
more, there seemed to be about as much likelihood that the higher 
vertical and drag loads would occur on the second wheel to contact 
as on the first. No relationship was apparent between the ratio of 
the maximum vertical loads on the two main wheels and the ratio of 
the maximum drag loads on tne two main wheels. In most of the 
landings the left wheel contacted first. This result is attributed 
in part, at least, to an admitted tendency of the pilot to land with 
the left v/ing low for better visibility. 
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SUMMARY OF RESULTS 


Measurements of landing-gear foroes and horizontal -tail load3 
in landing tests of a large bomber-type airplane equipped with twin 
vertical tails indicated the following results: 

1. The maximum vertical velocity measured in £0 landings was 
about 7 feet per second., and in about £0 percent of the landings 
the vertical velocity was 2 feet per second or less. Ground speeds 
at contact varied from SO to 123 miles per hour, the average being 
about 9£» miles per hour. 

2. A statistical analysis of the vertical-velocity data indi- 
cated that about 1.3 landings out of 100 could be expected to equal 
or exceed the maximum value measured during the tests and that 
about 1 out of every 200 would equal or exceed 8 feet per second. 

3. .The maximum value of vertical loud on the main landing gear 
was about 1+1 percent of the design ultijaate load, whereas the maxi- 
mum value of drag load was about 73 percent of the design ultimate- 
load. 


h. The ratio of maximum drag load to maximum vertical load 
was O.iil for normal landings , compared with 0.36 for braked landings 
and 0.11 for prorotation landings. 

5. The probability of equaling or exceeding given values of 
vertical loads on the main landing gear 7fas higher for braked than 
for normal landings, although a paucity of data, on tiie braked landings 
made the significance of this phenomenon uncertain. 

6. In most of the landings the loft wheel contacted first, 

although this characteristic might be attributed largely to piloting 
technique. ■ ' 

7. No relationship was discernible between the ratio of vertical 

loads on the left and right wheels and the time interval between 
contacts. — ' ; 

8. There appeared to be a higher probability for the left wheel 
to equal or exceed a given vdne of vertical load than the r ight wheel. 

9* No relationship appeared to exist between the order of 
development of maximum vertical load and the order of development of 
maximum drag load. 
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10. The largest stabilizer load measured was about £0 percent 
of the design yield bending moment for the 2£g stabilizer with which 
the airplane was equipped. This value of stabilizer load was 
measured in a normal landing in which the main wheels contacted 
s imu ltaneously and vibrated in phase in a fore-and-aft direction 
subsequent to wheel spin-up. Evidence was that this coupling effect 
between the in-phase vibrations of the main landing gear units and 
the vibrations of the stabilizer in symmetrical bending could result 
in the development of largo stabilizer bending moments. 

11. Brake preloading tended to reduce tail loads. 

12. Prerotation of the main wheels reduced drag loads and 
landing-gear vibration to a great extent although data were insuf- 
ficient to predict its effect upon stabilizer loads. 

13. A statistical analysis of the stabilizer-load data indi- 
cated that in about one landing out of 10G, values of stabilizer 
bending load equal to the mead-mum measured during the tests could 
be expected. 

lU. Large values of stabilizer tip acceleration were not 
necessarily associated with large values of stabilizer bending 
moment. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va., June 2?, 19b6 
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TABIE I 

AIRPLANE CHARACTERISTICS 

Gross weight at landing, lb 48,900 to 50,100 

Wing span, ft 110 

Wing area, sq ft 1048 

Horizontal tail area, total, sq ft 192.0 

Stabilizer area, sq ft 140.5 

Weight of tail assembly, lb 869.6 

Normal rated horsepower 4400 

Center -of- gravity position, an flown, 

percent M.A.C 27-9 to 28.2 

Height of center of gravity above ground, 

static position of airplane, ft 8.2 

Approximate moment of inertia in pitch, 

as flown, slug-f t^ 150 ,000 

Moment of inertia of main wheel, 

slug-ft 2 33.5 

Wheel tread, ft 25.62 

Wheel base, ft 16.00 

Wing Incidence , deg 3*0 


NATIONAL ADVISORY 
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TABIE II 

HAffURAL. VIBRATION FREQUENCIES OP AIRPLANE 


[Prcta vibration tests conducted by the Air Materiel Ccusnand, Amy Air Forces] 


Port 

Type of Titration. 

Frequency 

(cpm) 

Location of Tibrator 

Remark e 

Wing 

(approx. 

UOO gal gas 
In on oh wing) 

Symaetrioal bending 

215 

Outboard and of aileron ■ 

Nodal line Just outboard 
of inboard engine; 
large fuselage 
rertical motion 


Symmetrical Inner- 
panel torsion 
ocn£blnod with 
symmetrical 
bonding 

315 

Outboard and of aileron 

Hodal lino runs diago- 
nally from Just out- 
board of outboard 
engine at leading edge 
to wing root at 
trailing edge; outboard 
engine pitching 
considerably 

i 

t 

Inner-panel torsion 

520 

515 

Between cylinders J 
and 9 on engine 2 

Floor of fuselage Just 
forward Of tall 
turret 

Small response outboard 
engines; larger 
response Inboard 
engines; ajqilltudo too 
small to check phase ; 
rear of fuselage 
moving vertically 


Higher- order bending 

590 

990 

1360 

Outboard end of aileron 
Outboard and of ailercn 
Outboard and of ailercn 

Phase eymnetrical by 
pickups 

Phase unsyiimetriaal by 
pickups 

Phase symmetrical by 
pickups 

Fuselage 

Side bending 

31*0 

520 

Inspection door on 
bottctn. of fuselage, 

2 feet forward of 
tail light; lateral 
impulses 

Thrustwiee impulses at 
bottom rudder binge 

Very small amplitude 

Large amplitude mode; 
node at waist gun 
cut-out 


Vertical 'bonding 

980 

Floor of fuselage Just 
forward of tail 
turret 

Amplitude too small to 
determine node line 

Stabill zor 

Symmetrical bending 
combined with wing 
symmetrical 
healings pitching 
of airplane also 
excited . 

1)00 

Vertical impulses at 
seocsid rudder hinge 
from bottcm 

1 

! 

Stabilizer nodes i*^- fest 

from center line 
of airplane 

Wing tip and stabilizer 
tip In phase 


Torsion 

640 

Thrustwiee impulses 
at bottcn. rudder - 
hinge 

Phase symmetrical by 
pickups; nodal line 
near rear spar 
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pre loading 
tli/eg In., 



1 Formal 

2 Formal 

3 Formal 
k Formal 

5 Formal 

6 Formal 

7 Formal 

8 Formal 

9 Formal 
ID Formal 

11 Braked 

12 Formal 

13 Formal 
IX Braked 

15 Braked 

1 6 Formal 

17 Formal 

18 Braked 

19 Formal 

20 Formal 

21 Braked 

22 Braked 

23 . Formal 
2 k- Formal 

25 Braked 

26 Braked 
27 j_ Formal 

272 Pr ©rotation 

281 Formal 
aSg Prerotatlon 

29 1 Formal 

29 2 Prerotatlon 
3 Ql Formal 

302 Prerotatlon. 
31 Braked 
32 ^ Formal 
322 Prerotatlon 
33 ^ Formal 
33 g Prerotatlon 

34 Braked 

35 Braked 
3 6^ Formal 

3^2 Prerotatlon 
37 ]_ Formal 

372 Prerotatlon 
3 6 a^ Formal 
36*2 Prerotatlon 
37 o.i Formal 
37»2 Prerotatlon 
38^ Formal 
38 g Prerotatlon 
39 ^ Formal 
39 2 Prerotatlon 

40 Formal 

4 1 Formal 
h 2 Formal 
k -3 Formal 
kh Braked 


a Subscripts 1 and 2 Indicate first and eeoond contacts, respectively; 

affix a on landings 36 and 37 indicates re-run. 

T> Angle "between longitudinal axis of airplane and tire horl rental, positive 
In noee-up direction. 
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270 

5 
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5 

HW 
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10 

HHW 

350 

ID 

EW 
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10 

HHW 
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10 

B 

E 

X 

S 

70 

70 

70 

70 

ifl 

MW 

350 

11 

HHW 

330 

12 

row 

350 

13 

row 

350 

lV 

tjhc 

350 

4 

rm 

350 

u 

EKE 

330 

It 

F 

£50 

15 

F 

350 

20 

F 

F 

350 

350 

21 

22 

row 

330 

12 

row 

350 

12 

row 

330 

12 

HHW 

330 

12 

row 

330 

30 

row 

350 

30 

row 

350 

30 

row 

330 

30 

row 

330 

30 

row 

350 

30 

HHW 

350 

30 

row 

350 

30 

HHW 

350 

30 

ssw 

173 

8 

8SW 

175 

e 

SSW 

173 

8 

ssw 

175 

8 

ssw 

173 

8 

ssw 

175 

8 



se 

Stf 

250 

& 

sv 

£50 

96 

sw 

250 

90 

SW 

230 

IDO 

SW 

250 

9^ 

SW 1 

250 

102 

SW 

250 

IDO 

SW 

£50 

87 

ssw 

170 

89 

ssw 

170 

133 

ssw 

170 

1 12 

ssw 

170 

91 
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IABIE V 

TIMS HflEAVAXS HETOEER CORTACT OF IEFT AND 
RIGHT MAIN IANDIRG WHEEIS 


TtmA-frig 

First wheel 
to contact 

1 

wtastm i 

T ^ r\ g 

First wheel 
to contact 

Tims between 
contacts 
(sec) 

(a) 

(a) 

1 

Right 

0.09 

28i 

Right 

0.04 

2 

Left 

.12 

28 £ 

Left 

.15 

3 

Left 

.16 

29l 

Right 

.21 

4 

Left 

.02 

29 2 

Left 

.12 

5 

Left 

.42 

30! 

— 

— 

6 

Right 

.15 

30 2 

Left 

.11 

7 

Left 

.10 

31 

Right 

.14 

8 

Left and right 

0 

32 x 

Left 

.12 

9 

— 

— 

32s 

Left 

•07 

bin 

Left and right 

0 

33i 

Left 

.20 




33 2 

left 

•15 

n 

Left 

.04 

34 

Right 

.12 

12 

Right 

.08 

35 

Left 

.20 

13 

Left 

,17 

368 ^ 

Left 

• 34 

14 

Left 

•07 

36 ag 

Left 

-17 

15 

Left 

.24 

37a3_ 

Left 

• 33 

16 

Left 

.20 

37«4> 

Left 

.19 

17 

Left 

• 33 

3Sl 

Right 

.02 

18 

Left 

.09 

302 

Left 

.26 

19 

Right 

• 03 

39 X 

— 

— 

20 

Left 

.04 

39 2 

Left 

.29 

21 

Right 

.14 

40 

Right 

.17 

22 

Left 

.22 

4l 

— 

— 

23 

Right 

.14 

c 42 

Left 

.10 

25 

Right 

• 07 

43 

Right 

.01 

26 

Left 

.46 

44 

Rl{£it 

.10 

STTl 

— 

— 




272 

Left 

• 05 





a Subscripts 1 and 2 indicate first and second contacts, respectively; 

affix a on landings 36 and 37 indicates re-run. 
b Rose "wheel contacted 0.09 second before left and right wheels. 
c Rose wheel contacted 0.13 second before left wheel. 
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TABU 71 


JOXMM TAKES 07 m ISM} LOAJEB TOTH 8TBACT- 
GM2 EBUHB® AID WHEIIriBGtIUB-ACCKIEtAIICB DATA 



Hartwim whae 

Qk 

. drag load. 

lUQH 

Left 

Wheel 

■MK3*tX57rS!MMH 


Strain- 

Wheel- 

Strain- 

Wheal- 

■H 

gage 

acceleration 

gage 

acceleration 


reading 

data 

reading 

data 



7,ito 


6, too 


6,500 

8,500 

10,200 

7,700 

6,3*0 
8, too 


6,850 

8,970 


7,570 


9,820 

9,000 


3,400 


6,705 

8,000 


11,300 


6,650 

7,260 

— 

5,870 

8 

7A50 

7,100 

7,020 

7,H» 

9 


3,300 

5, too 

5,500 

10 

12,700 

12,900 

12,500 

12,700 

11 


9,800 

9,850 

10,700 

12 

7,720 

6,850 

8,300 

6,500 

13 

7,310 

8,900 

6,8ix> 

5,350 

14 

11,200 

10,500 


14,200 

15 

7,150 . 

8,100 

8, too 

6,550 

16 

9,120 

9,U» 

5,410 

7,400 

17 


3,7W 


4,100 

18 

4,750 

4,700 


8,6oO 

19 

11,750 

11,60a 


12,100 

20 

6,350 

6,950 

3,900 

10,350 

21 

.5,970 


10,600 

10,000 

22 

”4,600 

1,609 

54,300 

4,910 

23 

1,110 

1,000 

”9,850 

8,200 

24 

”5,670 

7,200 

to ,520 

4,550 

25 

7,030 

8,200 

10,870 

9,500 

86. 

«1 

to,m 

6,300 

2,700: 

w 

8,500 

07. 

3 .ton 

1.390 

1.000 


^1 

h&o 

6,600 

”6,765 

6,4oo 

e6a 

500 


TOO 



Looting 


JaL 



Manana wheel drag load 

tal 


left 

wheel 

High 

t wheel 

Strain- 

Wheel- 

Strain- 

Wheal- 

' gage 

acceleration 

fiBAO 

aooeleratlco. 

reeding 

data 

reeding 

data 

— 


”9,290 

U,0QO 

2,100 

5,900 

600 

900 

500 


2,400 


4,770 

5A10 

5,140 

5,000 

*6,230 

— 

6,910 

7,670 

1,700 

1,850 

4,800 

3,950 

5,700 


8,4oo 

9,900 

900 


1,400 

1,320 

5,770 


13,680 

15,100 

6,005 

6,160 

6,980 

7,020 

800 

— 

1,600 




1,300 


”8,115 

8,500 


5,500 

4,300 

4,500 

2,800 

a, 800 

4, too 

3,900 

”5,810 

4,700 

100 

IOO 

1,300 

1,250 

6,490 

6,800 

8,850 

9,100 

1,100 

1,080 

1,600 

1,550 




4,750 

— 

200 


800 

930 

6,910 

6,800 

”3,450 

6,000 

9,550 

9,700 

■>6,620 

6,500 

18,500 

18, 400 

10,^60. 

14,200 


11,300 

8^00 

8,800 

10,000 

13,100 

14,150 

i5,ooo 


»i 

29 a 

3°a 

31 

»I 

3*2 

33i 

33a 

34 

35 
*1 
3*2 
*1 
37a 
3^»i 

3*2 

37»i 

37*2 

3gi 

38a 

% 

ga 

to 

41 

to 

to 

1(4 


*■ Bhbecripts 1 and. 2 indioate flret and eeccnd con tan ta, roBpeotiTalj; 

affix a on lending* 36 and 37 lndietteo re-run. 

1 Bboarreotad far effeot af rertleal load. 


iahowl Konam 
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Figure / . - Location of accelerometers in the airplane . 
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Vert /cal velocity , ft /sec national advisory 
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figure — Probability of equal/rig or exceeding given values 

of vertical velocity , Prerotation landings not~ included • 




o 


24 - 


40 


56 ) 1/0 


Maximum landing - gear irer/ical load , /b 


Figure 3 .-Probability of egua/mg or exceeding maxima m Ya/ues 

of vertical load on main landing gear . normal and 
traked landings. ' national advisory 

COMMITTEE FOB AERONAUTICS 










Fig. 4 
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Figure 4.- Probability of 
of drag load on 
braked landings , 


equa/mg or exceeding maximum ua/aes 
mam landing gear. Normal and 
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Time between contacts of mam landing gear^ sec 

Figure 5 .-Probability of equaling or exceeding 
time between contacts of mam landing gear 








Maximum mam-fand/ng-gear vertical load , lb 


Pig. 6. 
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O J .s . .d 


Time from contact- to maximum 
landing -gear verf/ca/ /o ad, sec 

Figure 6 . — Magnitude of mam— landing- gear 
vertical load aga/nst t/me to reach max- 
imum values . 



Maximum mam -landing- gear drag load , lb 
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Pig. 7 



O J .2 .3 A s 

Time from contact to maximum landing -gear drag toad, sec 

F/gure 7 --Magnitude of mam -landing —gear drag 
toad agat/nsf time to reach maximum va/ue . 
Norma / landings . 



Land mg -gear drag load } lb 


Fig. 8 
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Time aT/er confoci', oec 


Figure 8 -- dommxitr/jon of f /me h/e tones cf 
drag Inc/c/ on mam /arnd/ng gear from 
sfra/n- gage readings and from wheel- 
c/c^e/eraf/on dafa during a norma/ 

* landing. . Landing 8- 










Land mg- gear drag foad , lb 


Fig. 10 
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T/me a fie/- contact , see 

F/gure IO . — Comparison of time histories of drag 
toad on mam landing gear from strain - 
gage readings and from wheel- acceleration 
data during a norma! landing . : Cand/ng 16 , 



Probability 
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Pig. 11 



Ratio of maximum drag load per wheel to maximum 
vertical load p>er wheel 

Figure // . — Probability of equaling or exceeding given 
values of ratio of maximum drag toad per wheel fo 
maximum vertical load per wheel . 




Pig. 12a,b 
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vertical tail 


fa) Weight distribution of components 
of tail assembly . 



0 4 - 6 12 16 

P/sfance from center line of stabi/fzer , ft 

(b) Stabilizer bend mg moments \ 

Figure 12 Stabilizer loading and bend mg 

moments. 



- Horizonial Increment of vertical acceleration ,g 

deflection of Center Center 

mam landing of of Tail tip 
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Pig. 13 




Time after contact, sec 
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Figure / 3 .-lime h/sfory of structural accelerations , 
stabilizer bending moment , and landing -gear 
deflection during a norma / landing . Landing 10 . 



Fig. 14 


NACA TN No. 1140 







Time after contact, sec 


Figure. 14 .-Tim e history of structural accelerations, 
stabilizer bending moment, and landing - gear 
deflect /oh " during a normal landing.. Landing 19. 


bending moment 





Horizontal Increment of vertical acceleration , g 

deflection of Center Center 

mam landing of of Tad tip 

gear, i n. gravity tad t ( 
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Fig. 15 



Time after contocfsec 

Figure 15.- Tune history of structural accelerations, 
stabilizer bending moment, and fand/ng -gear 
def/ection c/unng a norm o/ /ondmg. Landing 42 . 


enrage or design a 
bending momenf 





Horizontal Increment of vertical acce/eraf/orij g 

deflection of Center Center 

mam landing of of Tail tig 

geargn. gravity tod 


Fig. 16. 
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Time after contact sec 

Figure 16.- Time history of structural accelerations, 
stabilizer bend/ng moment, and landing -gear 
deflection dur/no a normal don dm or Landing 8. 


ifage of design y/e!d 
bending moment 






Probability 



Percent of design y /e/d stabilizer bending moment 

Figure 17. — Probability oP equaling or ex cee d mg 

stabilizer bending moment . Normal landings - 
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COMMITTEE FOR AERONAUTICS 





Horizontal Increment of vertical acceleration ,g 

deflection of Center Center 

mam landing of . of Tail Tip 

, geag/n. gravity tail 


Fig. 18 
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T/me after contact, see 

Figure 18 . - Time h/story of structural accelerations, 
stabd/zer bend mg moment, and /ond/ng -gear 
deflection during a p re rotation landing. 

Landing JO £ . 


moment 






Horizontal Increment of vertical acceleration , 

deflection of Center Center 

mam landing of of Tail tip 

gear.m qravitu tail 
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Fig. 19 



Time offer con fact, sec 


Figure 19 .'Time history of structural accelerations^ 
stabilizer benc/mg moment; and landing - gear 
c/effect/on a/ur/ng a normal tand/ng . Lonot/ng 4 . 


Percentage of design 
yield bending 
moment 






Pig. 20 
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Time after contact , ^ec 

NATIONAL ADVISORY 
C0#WrTT£t FOt AERONAUTICS 

Figure 20-Time h/cfory of loads on 
mam landing gear during a normal 
landing. Landing <?- 



Landmcj.gecir Load , lb 



Vertical load 


Landing-gear load , lb 


Pig. 22 
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Time after confacf^sec 

Figure 22 — Time history of loads on lef f ma/n 
landing gear during a normal landing. 
Landing 5 . 
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f'/gure 2-4— T/m& h/story of /oad,s bn /&ft mam 
fond/ng year during a norma/ /andtng . 
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Figure 25 -Time history oh loads on 
mam landing gear during a 
normal landing . Landing 8 . 
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Figure 26 — Time h/sfory of loo (do on landing gear 
c/uring a normal landing. Landing 10 . 
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Figure 27. -Time htsiory of loads on mam landing 
gear during a normal landing. Landing 12 . 
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lime after contact, sec 

Figure 2 8 . -Time history — of loads on mam 
landing gear during a normal landing. 
Landing IS. 



Landing-gear load , lb 



Time after contact, sec 

figure 29 . - Time history of loads on mam landing 
gear during a normal landing . Landing 16 . 
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Figure 30 -Time history of loads on main landing 
gear during a ' normal landing. Landing 19. 
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Figure 31 . ~ Time history of toads on mam landing 
gear during a normal landing. Landing 20 . 
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Figure 32r Time history cf foac/s on right mam landing gear 
during a normal landing . Landing 24, 




Landing-gear Load f /L 


NACA TN No. 


3 a X/O 


t 

'iraalVerfical 


77- /-A / / NATIONAL ADVISORY 

Hme at Ter con Tac T } sec committee fo« aerommitics 

figure 33-T/me h/s/org oF Loads on LeFt main Land- 
mg gear dur/ng a norma/ fand/ng. Land mg 32, 
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Figure 34rTime history of loads on landing 

gear during a normal landing. Landing 33, . 
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Figure 35 rTf me history of toads on mam landing 
gear during a normal landing. Landing 36 f . 
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Figure 3 7.- Time history of /oads on right ma/n 
landing gear during a braked /and/ng . 

Brake pressure , approximately S pounds per 
square inch . Landing ft . national advisory 
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F/gure 38. -Time history of loads on left main 
landing gear during a braked landing . 
Brake pressure , approximately 5 pounds per 
square inch . Landing 14 . 
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Fig. 39 





Figure 3 9. -Time history of loads on ma/n 
landing gear during a braked landing. 
Brake pressure , approximately 10 pounds 
per square inch . Landing /5 . 
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Figure *4! -Time history of loads on mam landing 
gear during a braked landing. Brake pres- 
sure , approximately 20 pounds, per square inch . Landing 2d. 
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Figure 42.-T/me history oF foods on r/gfrf mom 
landing gear dunng a braked fand/ng . 

Brake pressure , 'approximately /J? pounds per 
square inch - Landing 34 . 
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Figure 43 . -Time history of loads on mam landing 
gear during a braked landing. Brake pressure, 
approximately 24 pounds per square inch . Landing 35 . 
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Figure UrTme history cf bads on landing gear during a braked 
landing . Brake pressure, approximately 23 pounds per square inch. Landing 44. 
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Figure *4 5 .-Time history of toads on mam landing 
gear during a prerotation landing. Landing 27 z . 
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Figure 46 FT/ me history of loads on mam landing 
gear during a prerotation landing , Landing 28 z . 
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Figure -47-lTme history of loads on landing 
gear during a prerotaf/on landing. 
Landing 30 2 . 
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Figure 4-8 -Time history of toads oh mam /and mg 
gear during a prerotation landing. Lamd/ng 32 2 
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Figure 4-9rTime h /story of loads on mam landing 

gear during a pre rotation landing . Landing 36 < 7 2 . 
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Tune a-fter contact, cec 
Figure dO.~Tme history ot bads on mom 
landing gear during a preroiat/on /and mg. 
Landing 38 £ . 
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Figure 5! FT/ me history of loads on mam landing gear 
during a pre rotation landing. Landing 39 2 . 
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